Background: Gene expression analysis via microarray is widely used in phytobacteria to validate differential gene expression associated with virulence or to compare biological profiles of wild type and mutant strains. Here, we employed DNA microarrays to study the early stages of the infection process (24, 72 and 120 h post-inoculation) of Xanthomonas citri subsp. citri (Xac) infecting Citrus sinensis to interrogate the expression profiles of hypothetical genes. Results: Under infective conditions, 446 genes were up-and 306 downregulated. Outstanding among genes upregulated during infection were those involved in synthesizing the Type 3 Secretion System and effectors, xanthan gum and quorum-sensing induction, and flagellum synthesis and regulation. Additionally, 161 hypothetical genes were up-and 100 were downregulated, 49 of which are known to have a significant biological role. To understand hypothetical gene co-regulation or -expression, nine expression profiles including 158 genes were identified during the three infection phases. Of these, 47 hypothetical genes were identified as having expression profiles associated with at least one connected to a gene associated with adaptation and virulence. Conclusions: Expression patterns of six differentially expressed genes were validated by quantitative reverse transcription polymerase chain reaction, thus demonstrating the effectiveness of this tool in global gene expression analysis in Xac. How to cite: Laia ML, Moreira LM, Gonçalves F, et al. Gene expression analysis identifies hypothetical genes that may be critical during the infection process of Xanthomonas citri subsp. citri. Electron J Biotechnol 2019;42. https://doi.
Introduction
Citrus canker is one of the most damaging diseases globally affecting several varieties of citrus. Among the several pathotypes of its causal agent, all bacteria belonging to Xanthomonas genus, found in nature (strains A, Aw, A*, B, C, and E), the A strain produces the most common and severe type A cancrosis [1, 2] . The disease shows characteristic symptoms including the formation of cortical lesions that protrude on both sides of the leaves [3] . Symptoms manifest within one week to prevents accurate detection of specific genes responsible for the pathogenic and adaptation processes.
Today, considering these data, functional genomics is a priority from a research perspective and is being widely developed. Techniques such as transposon-mediated mutagenesis [6] , homologous recombination [7, 8] , proteomic analysis [9, 10, 11] and RNA-seq [12] have been employed to determine the contributions of these genes/proteins to infection. Correspondingly, empirical analyses have enabled the discovery of new genes related to pathogenicity, examining potential targets to combat the pathogen.
Unfortunately, knowledge regarding the Xac genome is limited, as a probable putative function has not been assigned for nearly 40% of mapped CDSs. These CDSs have been categorized as hypothetical (HP) or conserved hypothetical (CHP), consistent with other organisms. In fact, the CDSs with uncharacterized functions should include a set of genes in Xac, as well as in other organisms, that may be critical for maintaining the connection between the pathogen and host [13, 14] . However, very little interest has been shown in the functional study of these often neglected putative genes, as described earlier for other organisms [15, 16, 17] .
From this perspective, studies involving functional genomics with global gene expression may enhance our understanding of the intricate networks of genetic relationships within the pathogen itself, as well as its relationship with its host response [18, 19] . Analyzing DNA arrays (DNA microarrays or macroarrays) and identifying genes responsible for a given biological condition enable the identification of related genes and can predict new pathways, or even add regulatory networks for formerly characterized genes in those pathways [20, 21] . Using this technique, complementary nucleic acid sequences are hybridized to one another, one of which is immobilized on a solid matrix [22] . This method has proven successful in genomic studies in several models, enabling inferences to be drawn regarding the functions of the hypothetical genes in other pathogenic bacteria, yeast, plants and vertebrates [23, 24] .
Significantly, gene expression essential for a given condition will be upregulated as redundant or undesirable, in the same situation, when its functions are negatively regulated. This principle is also applicable to virulence genes, which are also dependent on regulatory mechanisms that control appropriate gene expression in the host environment [25] .
Keeping this view in mind and using a microarray platform objectively developed for this purpose [26] , the present study represents the first global gene expression profile of Xac subjected to different time spans of infection in Citrus sinensis (L. Osbeck). The data reveal both genes classically associated with virulence and adaptation as well as a series of hypothetical genes working along with these genes. Hypothetical genes, possessing expression profiles similar to those genes known to be connected with the virulence process, enable the inference of correlated function and thus display their potential for new anti-pathogen targets.
Materials and methods

Bacterial isolates and growth conditions
Xac, which has a previously-sequenced genome, was grown in Petri dishes by culture in Nutrient Agar (NA) medium (3 g/L beef extract, 5 g/L peptone and 15 g/L agar) at 28°C. After 24 h, new colonies were transferred into three Erlenmeyer flasks (250 mL) each containing 50 mL of Nutrient Broth (NB) culture medium (3 g/L beef extract, 5 g/L peptone) and labeled 1, 2, and 3. After 12 h of incubation at 28°C with shaking at 200 rpm, 1 mL was aseptically drawn from each flask and transferred to another flask containing NB. Here, the concentration was adjusted to 10 8 CFU/mL (OD600 nm = 0.3) and the volume to 50 mL. Bacterial cells, after allowing 12 h of growth at 28°C with shaking at 200 rpm, were then harvested by centrifugation at 5000 × g for 5 min. The remaining cell suspension was drawn with a 1 mL syringe without a needle and infiltrated into orange leaves (Citrus sinensis cv. Pera). Orange plants were grown in 20 L pots.
Nine plants (three plants for each incubation period) were maintained respectively for 24, 72 and 120 h in the laboratory at 28°C with a 12/12 h photoperiod and light intensity ∼ 2000 lx at photophase. After multiplication, inoculated leaves were collected and promptly fractionated into very thin strips. They were then kept in a beaker of sterile distilled water that was placed in an ice bath under gentle agitation. A separate beaker was used for each plant. After 5 min, leaf debris was filtered using gauze and cells were recovered by centrifugation at 5000 × g for 5 min at 4°C. Total RNA was immediately extracted. Thus, three independent biological replicates were obtained for Xac growth in vitro and in planta. The same procedures were performed prior to RT-qPCR analysis. Three 250 mL flasks containing 50 mL of NB and three orange plants were inoculated with cells and collected. Total RNA extraction was then performed via the same methods. The only difference was the plant incubation period, which was limited to only 72 h.
Xac total RNA extraction
An Illustra RNA Isolation Mini-RNA spin KiT (Amersham Biosciences, Little Chalfont, United Kingdom) was used to extract the RNA per the manufacturer's instructions. Total elimination of DNA was confirmed and PCR was performed using DNase I-treated RNA samples as template. PCR employed an initial denaturing step of 94°C for 3 min followed by 35 cycles of a denaturing step at 94°C for 30 s and an annealing step at 60°C for 30 s, with a final elongation step at 72°C for 2 min. After the final elongation step, samples were stored at 4°C until use. An amplification reaction was performed in the 25 μL samples with 2.5 μL 200 ng RNA, 2.5 μL PCR buffer™ (Invitrogen, Carlsbad, CA, USA), 1.5 mM MgCl 2 , 0.2 mM dNTPs, 300 nM of each primer and 16S rRNA, and 1 unit of Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA). PCR products underwent electrophoresis on a 1% agarose gel with TAE buffer, stained with ethidium bromide and visualized under a UV transilluminator (data not shown). To verify the quality of extracted RNA, another electrophoresis was performed under the same conditions. The A 260/280 ratios of RNA samples were measured and RNA was quantified utilizing a ND-1000 spectrophotometer, NanoDrop. RNA was stored at −80°C until required.
Evaluating microarray
We used XACarray as probe [26] . To create the target, the SuperScript UPirect cDNA Labeling System (Invitrogen, Carlsbad, CA, USA) kit was used to synthesize and label cDNA with Cy3-fluorophore-dCTP™ and Cy5-fluorophore-dCTP™ (Amersham Biosciences, Little Chalfont, United Kingdom) per the manufacturer's instructions. In all experiments, cDNA from the NB cells was labeled with Cy5, while cDNA from cells grown in planta was labeled with Cy3. All cDNA was synthesized using 20 μg of total RNA and the fluorophore was incorporated indirectly. cDNA was quantified via absorbance detection at 550 nm for Cy3 and 650 nm for Cy5. To ensure that the analysis was accurate, equivalent quantities of fluorescent cDNA were used during microarray hybridizations. After labeling, Cy3-and Cy5-tagged samples were dried in a vacuum chamber protected from light. Cy3-tagged samples were recovered in 13.5 μL of ultra-pure water and then transferred to the Cy5-tagged sample tube. Next, 13.5 μL 4× hybridization buffer™ (Amersham Biosciences, Little Chalfont, United Kingdom) and 27 μL formamide were added to the tube. After homogenization, the target solution was heated to 90°C in the dark for 2 min, then transferred into an ice water bath for 2 min. The solutions were then placed on slides, covered and hybridized for 16 h at 42°C. Slides were then washed [27] and dried under a jet of compressed nitrogen gas. Microarrays data were then acquired using the GMS 418 Scanner Array (Affymetrix, Santa Clara, CA, USA) to obtain images from the fluorescent channel for each of the microarray probes (Cy3 and Cy5).
Raw images were all converted to quantities using ArrayVision 8.0™ (Amersham Biosciences, Little Chalfont, United Kingdom). The foreground and background intensities were measured for each spot on the microarray representing a specific probe. Data from ArrayVision was read in R [28, 29] on a Debian GNU Linux 3.2. Quality access, background correction, and print-tip loess scale normalization followed by statistical analysis were performed with the limma R package [28, 29, 30, 31] . Differentially Expressed (DE) genes were selected using the False Discovery Rate (FDR), with a 5% p-value threshold [32] .
RT-qPCR evaluation
First strand synthesis cDNA and the RT-qPCR reactions were performed using the SuperScript III First-Strand Synthesis SuperMix for RT-qPCR Kit (Invitrogen, Carlsbad, CA, USA) per the manufacturer's specifications (including random primers used in the reverse transcription reaction), except for the quantity of cDNA in each reaction, which was 20 ng. All PCR performed with SYBR Green was conducted using the 7500 Real-Time PCR instrument (Applied Biosystems, Foster City, CA, USA) using three biological and three technical replicates (for a single biological replicate). The PCR was performed using 2 min at 50°C and 10 min at 95°C followed by 40 cycles of 15 s at 95°C, and finally 1 min at 60°C. To determine the PCR efficiency, standard curves were generated using the sample cDNA at five dilutions and measured in triplicate. The reference genes used in all the experiments were rpoB, atpD, and gyrB [33] . We used the 2 -ΔΔCT method for relative expression analysis [34, 35] . The primers used are included in Table 1 .
Metabolic pathways and protein complex design
Metabolic pathways were obtained from the KEGG annotation database [36, 37] .
K-mean clustering
K-mean clustering was used to identify pathways similarly expressed under all three conditions [38, 39] . The number of clusters was assessed according to methods described by Sturn et al. [40] . Nine different clusters were identified, each of which included 2-57 different genes in triplicate. Using these parameters, gene groups with similar expression profiles were identified.
Results
Gene expression analysis
To investigate global changes in Xac gene expression under Citrus sinensis infection, we used the DNA microarray platform developed by Moreira et al. [26] . It involves 2365 distinct tag sequences of unique CDSs with positive DNA × DNA hybridization signals. They were obtained by PCR from the shotgun libraries used for Xac genome sequencing, which represent 52.7% of the complete annotated genome.
Globally, of the putative 4489 annotated genes in Xac, 446 (9.94%) were found to be upregulated at least once during the infection timeline periods that were investigated. Downregulated genes numbered 306 (6.82%) and were downregulated at least once during the same time period ( Table 2 and Table S1 ). When comparing the total number of up-and downregulated genes classified per functional annotation categories, the most up-regulated genes were found in categories I, IV, V, VII and VIII, and the most downregulated genes were found in category VII ( Table 2 ). The largest range of upregulated genes can be observed during the early stages of the infection process. In all, 248 upregulated genes and 130 downregulated genes were detected during the first 24 h of infection ( Fig. 1A ). After 72 h of infection, the total number of inducible genes decreased to 215, while the number of downregulated genes increased to 159 ( Fig. 1A) . At the end of the experiment, after 120 h, 232 putative genes were upregulated and 139 were downregulated ( Fig. 1A ). Among all genes identified, we detected 72 that were upregulated throughout the infection process but only 28 were downregulated in all conditions. When the same analyses are restricted to the hypothetical genes, it is observed that a total of 86, 72 and 82 genes are upregulated in 24, 72 and 120 h, respectively, whereas 31, 58 and 49 genes are downregulated, respectively, in these same times (Fig. 1B) .
Among the genes upregulated after only 24 h of infection ( Fig. 1C-a) , about three-fold more were in the hypothetical category (category VIII) than any other category, as seen in Fig. 1C-d , which shows the intersection of upregulated and downregulated genes at 24 and 72 h post-infection. From this viewpoint ( Fig. 1C -g), which shows the intersection of the three periods of infection, a huge induction of the expression of genes belonging to categories V, VII and VIII, which strengthens the overall expression, as described above. These values confirm the general data on the percentage of differentially expressed genes in functional annotation categories highlighted in Table 2 .
Global expression and physiology of infection process
To understand the relationship between upregulated and downregulated genes, as well as their relationships with the physiology of the infection process, further analyses of the results were focused on categories V, VII and VIII to emphasize the differences in the number of the differentially expressed genes mentioned above (Fig. 1C) .
A great portion of the research involving the understanding of the Xac-Citrus pathosystem and other related systems involves studying genes in class VII [41] . Among the 72 genes in this category (including 44 up-and 28 downregulated genes) that were differentially expressed throughout the entire infection process ( Table 2) were genes involved in the synthesis of the apparatus type III secretion system (T3SS) and its effectors (T3SSe), the rpf genes that possess a GGDEF domain and are involved in the synthesis of xanthan gum, as well as genes involved in flagellum biosynthesis and regulation.
Type III secretion system and effectors
Regarding the T3SS, cDNA microarray data revealed that the hrpB5 and the hrpG genes were upregulated within 72 h post-infection, hpaF within 120 h post-infection and hrcQ between 72 and 120 h post- infection. hrcS, hrcU, hrpB1, hrpD6, hrpB2, hrpF, hpa1, hpaB, and hrpXct were upregulated throughout the infection process and represent 13 of the 33 genes involved in the synthesis of the apparatus; 25 of them were present on the microarray slide (Fig. 2) . The sole downregulated gene, hrcV, was detected 24 h post-infection.
Genes reported as probable type III secretion system effectors, which include xopAE and xopV, were detected 120 h post-infection; xopF2 and xopE2 at 72 and 120 h, respectively, while xopE1, xopN, xopK, xopE3 and xopAI were detected throughout the infection process (Table 3 ). Only those genes encoding avrBs3 (XACb0015) and xopI were 1A) . Each category description can be found in Table 2 . Arrows highlight the great proportion of genes up-regulated in categories V (orange), VII (blue) and VIII (yellow) in relationship to the ones that were down-regulated. X-axis = gene category. Y-axis = number of expressed genes.
downregulated during the early stages of infection. Therefore, 24 candidate and the nine core genes of the T3SSe were upregulated, two were downregulated and only three were not found among the 14 represented in the microarray (Table 3) . Notably, the xopF2 gene was previously categorized as a putative pseudogene, but now shows an expression pattern. Those T3SS genes upregulated during the infection process include 21 that participate in the synthesis of the apparatus; this represents about 48% of all Class VII as upregulated genes that are directly related to pathogenicity and virulence.
Rpf genes, involved with GGDEF and synthesis of xanthan gum
From the genes involved in quorum sensing mediated by Diffusible Signal Factor (DSF), rpfN was detected under infective conditions, but only within 24 h of infection; however, the rpfC and rpfG genes were observed throughout the infection process (Fig. 3 ). The rpfA and rpfB genes were downregulated at 24 and 120 h post-infection, respectively. Expression of genes directly regulated by rpfG was also noted, as was the case for the genes participating in the synthesis of the xanthan gum genes, genes that encode GGDEF domain proteins, and genes encoding cellulases and proteases. Among the genes we detected were those seen during gum infective conditions within 72 h post-infection, gumH within 120 h of infection, gumF between 24 and 120 h, and gumL in the late stages of infection. Of note, three (XAC1938-39 and XAC1887) of the five genes in the previouslyannotated GGDEF domain protein-encoding members of the Xac genome were upregulated in the early stages of infection. Four cellulases (XAC3506, XAC1770 and XAC0028-29) and four proteases (XAC0928, XAC2831, XAC2833, XAC2853) were also identified in the infective stages (Fig. 3) . The rpf genes, gum and cellulases that were upregulated during the infection stage constitute 27% (12 genes) of the CDSs annotated in category VII.
Flagellum biosynthesis and regulation
Our data revealed induction of the expression of genes involved in the biosynthesis and regulation of the flagellum throughout the infection process. These genes were recorded as belonging to category V (cellular process).
It is notable that 31 of the 35 genes involved in the biosynthesis of the flagellar apparatus were represented on the microarray, among which 21 (68%) were upregulated during infection (Fig. 4) . Also, three of the six che genes present in the platform (50%) were upregulated in addition to the eight tsr upregulated genes among a total of 17 represented on the platform (47%). Altogether, these genes represent xopR
avrBs3 DOWN ND ND a According to da Silva et al. [5] . b According to Moreira et al. [26] and Potnis et al. [70] . 32 (58%) of the 55 genes in category V and were upregulated during the infection process ( Fig. 4 ).
Hypothetical genes
As noted above, hypothetical genes represent 51.8% (1658 genes) of the Xac genome [5] . The microarray platform included 861 unique sequences representing these genes [26] , of which 261 (30.3%) showed differential expression under infective conditions.
In the initial 24 h of infection, 86 hypothetical genes were upregulated and only 31 were downregulated. At 72 h of infection, the total number of induced genes increased to 72 and 58 were suppressed. After 120 h, 82 genes were upregulated and 49 downregulated (Fig. 1B) . Among all differentially expressed hypothetical genes that we identified, 22 were prominently upregulated throughout the infection and only 8 were downregulated under the same conditions (Fig. 1B) .
Determining gene expression profiles
To identify relationships between all the genes differentially expressed under our experimental conditions, nine expression patterns were obtained based on the time of infection using the k-means clustering method ( Fig. 5 and Table S2 ). Genes that were included in this cluster analysis were not categorized per the differential expression profile exhibited, as described above.
Clusters 1, 2, 3, 6, 7 and 9 are significant as they introduce at least one gene included in category VII related to virulence and pathogenicity. Therefore, the hypothetical genes included in these profiles could exhibit some similarity to the co-regulated virulent genes. Cluster 1 includes 19 genes, six of which are in category VII, one in category V, and six hypothetical genes. One fact remains clear, which is that these hypothetical genes (XAC2810, XAC3319, XACb0035, XAC1396, XAC2606 and XAC2611) are similar in their expression profiles to that of the virulence gene pthA3 (avrBs3 -XACb0015).
Nine genes are grouped in cluster 2. Four of these genes are involved in the synthesis and regulation of the flagellum (motA, cheD and tsr 2x), similar to that revealed by the hypothetical gene XAC1898 and the expression profile for the gene that encodes T3SS apparatus, hrpXct. The third cluster, consisting of 16 genes, includes five clustered hypothetical genes (XAC0940, XAC3214, XAC1452, XAC2637, XAC3251), four related to category V (two tsr, pnuC and yhdG), and one, pmrA (multidrug resistance efflux pump), related to category VII. Cluster 6, the largest and most representative cluster that contains 57 genes, is the one that includes four genes from category VI (Mobile Elements Genetics), two CDSs encoding plasmid proteins and two transposons. This cluster prominently includes three of the five genes directly related to virulence, rpfB, vppA (virulence plasmid protein) and gst (glutathione-S-transferase), as well as virB8 and virB9, which are involved in the Type 4 secretion system, as well as 17 hypothetical CDSs. Clusters 7 and 9, though not-representative of many genes, are noteworthy for the expression of two virulence genes. Cluster 7 includes the expression of gumL, which is involved in the synthesis of the xanthan gum, along with seven hypothetical genes (XAC0899, XAC1543, XAC3720, XAC1572, XAC3287, XAC3779, XAC3984). Cluster 9 is unique, with the expression of avrXacE3 and egl (cellulase) and two other hypothetical genes (XAC1806, XAC0095).
The RT-qPCR results -microarray validation
Six genes were analyzed by RT-qPCR to validate the microarray data. Four of them encode proteins that are involved in the T3SS apparatus (hrcQ -XAC0403; hrcS -XAC0401; hrpB2 -XAC0408; hrpXct -XAC1266), while the other two represent hypothetical genes (XAC2613 and XAC2622). It is important to note that although the main databases (Uniprot, String, Ensembl and NCBI) still maintain the annotation of these two genes as being hypothetical, some studies have shown that these genes actually encode the VirB5 and VirB7 proteins, respectively, with the type IV secretion apparatus [42] . When performing RT-qPCR experiments, tree leaves were independently re-inoculated with Xac and cells were collected after 72 h for bacterial RNA extraction and cDNA synthesis. RT-qPCR results for all selected genes confirm the results obtained from the microarray platform and thus functionally validate the test (Fig. 6 ). The T3SS genes were upregulated in planta but downregulated in culture medium. However, the hypothetical genes were downregulated in planta but upregulated in culture medium. 
Discussion
Hypothetical genes were referred to as predicted protein coding regions in the genome; however, these genes become real genes only after experimental evidence that the corresponding messenger RNAs are transcribed and/or the respective proteins are synthesized. But this is just the beginning; more importantly, what are their functions? Because of this and their potential for involvement in vital biological functions or for the survival and virulence of pathogens, they have become significant targets for functional analysis [43] .
Although many studies have aimed at identifying the roles of hypothetical genes in bacteria [15, 16, 17, 44, 45, 46, 47] , the present study's main objective was to verify the possible correlation between hypothetical genes and genes co-expressed with virulence and pathogenicity, facilitating the inference of a possible relationship with these biological processes.
Based on prior knowledge regarding these genes as being associated with virulence, we attempted to identify additional candidate genes that actively play roles in the adaptation process inside the plant or even during the process virulence induction. We prioritized hypothetical genes that may be involved in these processes because they represent almost 50% of the Xac genome, and the fact that the work contributed to the discovery of the functionality of some of these hypothetical genes [6, 42, 48, 49, 50] .
The time course period selected to investigate in vivo expression is directly related to that of physiological events previously described for the Xanthomonas-host pathosystem [41] . It is exactly during these stages of the infection process that classical genes related to pathogenicity and virulence are activated. The genes involved in synthesizing the T3SS apparatus and T3SSe secretion [51, 52] as well as those involved in quorum sensing mediated by DSF, formation of the xanthana gum [53] , and the degradation process of the plant host tissue [54] are active.
For T3SS, for example, changes in temperature, pH, oxygen tension, extracellular Ca 2+ concentration, bile salts, and contact with the host cell (presence of specific metabolites) can regulate transcription of apparatus and secretion of effectors [55] . That is, the bacteria sense environmental and host-derived cues to determine and coordinate the stage of infection with T3SS activity, which corroborates the results 5 . Analysis of the gene expression profile during the infective process. From K-mean analysis, the genes that were differentially expressed were grouped under nine clusters according to their expression profile. The Y axis represents expression values in log 2 scale. The numbers within circles 1, 2 and 3, present on the X axis, represent each experimental instance (in planta), at 24, 72 and 120 h, respectively. Below each cluster is a pie chart emphasizing the annotation of functional categories within these groups, highlighting their CDSs. The complete list of CDSs grouped based on these categories is shown in Supplementary Table 2 . Orange -Category V; Pinkcategory VII; Graycategory VIII; Blue and greencategories VI and IV, respectively. found in this work. Our data validate and support the information given earlier, as genes known to be involved in these systems and biological processes were upregulated under experimental conditions ( Fig. 2 and  Fig. 3 ).
Thirteen genes encoding T3SS structural proteins apparatus were identified as upregulated under infective conditions. Furthermore, seven other genes coding for protein effector of this system were also upregulated under these conditions, five of which in the three times investigated (xopE1, xopN, xopK, xopE3, xopAI) and the two remaining at the later times of the infectious process (xopE2 and xopV). These results not only corroborate with the described data in the literature for this pathosystem, but also point out such secreted proteins as fundamental to the pathogenesis success [56] . Curiously, xopI and avrBs3, genes, that also encode effector proteins, had a contrasting behavior, and were therefore downregulated at the initial time of infection. xopI has been described as an effector capable of inhibiting cell death by acting on the signal transduction blockade leading to this phenotype [57] . Considering that this function is also observed in Xac, the expression reduction of this gene in the early stages of the infectious process could contribute to the formation of canker, the latter stage of which would culminate in the necrosis of the lesion. Already for the four paralogous copies of avrBs3 in the Xac genome, only one had its expression detected as downregulated at the initial infection times. These results may be related to the fact that it was activated at other times not investigated in this work, since its function has already been described as fundamental to Xac-induced canker formation [58] .
Our data supports the conclusion that synthesizing and regulating flagellar activity are also fundamental to the adaptive processes of Xac during the early stages of infection, as described for other organisms [11] . While they are directly involved in chemotaxis, they may also be involved in protein secretion [59, 60] . Of the 306 hypothetical genes detected by differential expression, either upregulated or downregulated (Fig. 1B) , or by some other similar profile of functionally important genes in the aspects of adaptation and/or virulence ( Fig. 5 ), 49 (16%) were identified as promoting a biological function previously described in the literature (Table 4 ). Among these, nine (18.37%) were found to be significant in a biological process involved in survival or colonization of the host plant tissue.
In their research, Yan and Wang [61] revealed that mutation of the genes XAC0007, XAC3743 and XAC0464 resulted in reduced symptoms in planta. However, we observed that these genes had very different expression profiles during the infection process. The XAC3743 gene was downregulated at 72 h, while XAC0464 was downregulated at 120 h after infection. XAC0007, although it does not vary in its gene expression profile, has exhibited an expression profile similar to those of genes in cluster 6, gst, vppA and rpfB, the latter fundamental for quorum sensing in Xanthomonas [62] .
Mutation in the gene XAC0095 [6] produced a substantial change in water-soaking occurrence during the early stages of infection. Besides being upregulated during the three days of infection, it still exhibited an expression profile correlated to those of the nine avrXacE3 and egl genes. Significantly, using two-hybrid assays, the protein encoded by the gene XAC0095 was found to interact with HrpG, which is an important regulator of T3SS apparatus synthesis and T3SSe secretion [63] . This enabled us to infer functionalities of these proteins in this same study that highlighted the phenotypic change after XAC0095 mutation. Laia et al. [6] also emphasized the mutation of XAC3294 completely eliminated symptoms when in contact with Citrus sinensis. XAC3294, although it did not present a gene profile of differential expression, was still placed in cluster 6 with the vvpA, rpfB and gst genes.
The mutant XAC1008 gene produced a massive reduction in hyperplasia and necrosis, while mutation of the XAC2344 gene increased necrosis when in contact with Citrus sinensis and Citrus limonia [64] . Both presented being upregulated within 72 h following initiation of the infection. XAC3984 mutation also reduced hyperplasia and necrosis [65] . This gene was upregulated towards the end of the investigated time (72 and 120 h), but still presented an expression profile consistent with the group that includes six other hypothetical genes and gumL (Cluster 7). The potential of this gene as a target for combating the disease is so highly valuable that a patent has been registered by referencing its characteristics (US 20040010131 A1).
XAC2654 was formerly annotated as a hypothetical conserved gene and was recently studied for its biological potential after being subjected to mutation by homologous recombination [7] . This gene was found to encode Plant Natriuretic Peptides (PNPs), which correspond to a class of extracellular, systematically mobile molecules that induce several responses vital to in planta growth and homeostasis in Xac, hence its genetic designation as XacPNP [7] . These authors contend that, although XacPNP is not expressed in nutrient-rich standard culture conditions, it is strongly upregulated under conditions that reflect the nutrient poor intercellular apoplastic environment of leaves or infected tissue, implying that XacPNP transcription can respond to the host environment. Our results suggest that this gene is likely important in the modified host response to create suitable conditions for its own survival, as it was upregulated at all the three times points in the infection process that we investigated. Finally, two other hypothetical genes that deserve prominence are XAC2613 and XAC2622, induced in culture medium, but repressed under infectious conditions. Although still annotated as hypothetical in many databases, Alegria et al. [42] have already described and validated them as coders of VirB5 and VirB7 subunits, respectively, of the type 4 secretion apparatus (T4SS). In this way, the results observed in this work, from the differential expression levels identified in the DNA microarrays and validated by qRT-PCR ( Fig. 6 ), corroborate data previously described by Jacob et al. [33] . These authors have demonstrated experimentally that while the type III secretion apparatus is activated under infective conditions, and repressed in culture medium, the genes involved in T4SS behave quite contrary. Thus, our work reiterates the hypothesis that T4SS is not critical to infection, but it is for other fundamental physiological functions of the cell, such as bacterial killing [66, 67, 68] .
The results of our analysis of this collection of hypothetical genes in the present work underscore the importance of studying the hypothetical genes annotated in sequencing projects. The significance of this study will become evident as these genes are characterized as novel pathways or targets to develop methods to control the damage generated by these phytopathogens once they come into contact with the host. 
Conclusions
Analysis of gene expression performed during the early phases of the infection process enabled the identification of 261 differentiallyexpressed hypothetical genes. Among these, 49 had been formerly associated with some biological function, frequently related to events that emphasized the virulence potential of Xac. This study reveals the potential and importance of such an analysis to derive greater biological information not only for Xac, but also for other associated species. Furthermore, the appropriate verification of hypothetical gene functions facilitates more targeted investigation in the future to focus on new targets to fight diseases affecting major crops. Thus, this method can also improve the social and economic interests associated with the Xanthomonashost pathosystem.
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